Magnonic crystals are systems that can be used to design and tune the dynamic properties of magnetization. Here, we focus on one-dimensional Fibonacci magnonic quasicrystals. We confirm the existence of collective spin waves propagating through the structure as well as dispersionless modes; the reprogammability of the resonance frequencies, dependent on the magnetization order; and dynamic spin-wave interactions. With the fundamental understanding of these properties, we lay a foundation for the scalable and advanced design of spin-wave band structures for spintronic, microwave, and magnonic applications.
I. INTRODUCTION
In magnonic crystals (MCs), the band structure of allowed and forbidden frequencies for spin waves (SWs) can be tuned on demand by using an external magnetic field. This unique feature offers fine tuning and reprogrammability [1] [2] [3] [4] , which are desirable for potential applications [5] but are not easily obtained in photonic or plasmonic crystals [6] . Magnonic quasicrystals, which exhibit long-range order but no periodicity, offer possibilities beyond MC, such as fractal characteristics [7] and a larger number of forbidden and allowed magnonic bands, which are found in the linear regime (whereas in the case of MCs, fractality of power-frequency spectra can be found in the nonlinear regime [8] ). Moreover, in quasicrystals, excitations can be localized in different regions of the structure, thus allowing for advanced tailoring of the properties of SWs [9] .
Theoretical studies of magnonic Fibonacci quasicrystals are focused on multilayers [10] [11] [12] [13] and, more recently, arrays of bicomponent nanowires [7, 14, 15] . Other works concern two-dimensional (2D) systems such as Penrose structures [16] . All these studies show the complexity and * flisiecki@ifmpan.poznan.pl
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self-similarity of the spectra. Experimental investigations of magnonic quasicrystals comprised of grooves arranged in a Fibonacci sequence etched in the micrometer-thick YIG film [17] show the influence of aperiodicity on the band structure. Other studies concern 2D systems of interconnected networks of permalloy (Py, Ni 80 Fe 20 ) nanobars on Penrose P2 and P3 and Ammann quasicrystal lattices [18] [19] [20] [21] , as well as antidots arranged in octagonal lattices in Py [22] . However, there have been no investigations on magnonic quasicrystals, which would show the reprogrammability of the system and demonstrate how the properties of propagative SWs depend on the magnetic configuration, despite the great utility of this feature in magnonic systems. Other interesting systems are artificial nanostructures, in which magnetostatic interaction between properly ordered bistable magnetic grains can be designed to obtain magnetic frustration at the ground state [23] [24] [25] in, e.g., spin-ice systems. However, SW guiding has not yet been demonstrated in such structures.
In Ref. [26] , we showed the possibility of effective SW propagation in quasiperiodic MCs, consisting of dipolarly coupled Py nanowire (NW) arrays and the opening of additional mini band gaps. In the present work, we exploit dynamic dipolar coupling in similar systems. In particular, we address the possibility of tuning the SW spectra of the magnonic quasicrystals in three ways: (i) by changing of the external magnetic field magnitude, allowing for continuous adjustment of the band and mini-band-gap frequencies; (ii) by switching of the magnetization configuration between parallel (ferromagnetic order, FO) and antiparallel (antiferromagnetic order, AFO), to demonstrate reprogrammability of the spectra; and (iii) by changing the dimensions of the magnetic elements, to show the scalability of the dynamical properties in an aperiodic system.
II. METHODS
The investigated system is sketched in Fig. 1 . Py NWs (thickness d = 30 nm, length L = 10 μm) are patterned by electron-beam lithography on silicon substrates. Two widths for narrow W N and wide W W = 2W N stripes are chosen to be 350 and 700 nm, and 700 and 1400 nm, respectively. Dipolarly coupled NWs are separated by gaps W G = 100 nm [27] . The quasiperiodic arrangement of the NWs is chosen according to the Fibonacci inflation rule, where a structure of a higher order n is created as a concatenation of two previous structures: S n = S n−1 + S n−2 [14] .
For SW excitation in vector network analyzerferromagnetic resonance (VNA-FMR) and scanning transmission x-ray microscopy (STXM) measurements, coplanar wave guides (CPWs) are deposited on top of the structures. These are aligned parallel to the NW axis. A static magnetic field H app is applied along the NW axis. Brillouin light scattering (BLS) experiments from thermally excited SWs are performed in the backscattering configuration by using a 200 mW solid-state laser operating at wavelength λ = 532 nm. The sample is mounted on a goniometer, which allows us to choose a specified angle of incidence of light (θ), with an accuracy of 1
• . Due to conservation of the in-plane momentum, by changing θ it is possible to select the magnitude of the in-plane component of the SW wave vector [k = (4π/λ) sin(θ )] entering into the photon-magnon scattering process. To map the SW dispersion (frequency vs k), we vary k in the range from 0 to 2 × 10 7 rad/m [28] . H app is applied along the sample plane, parallel to the length of the nanowires (the y direction) and perpendicular to the scattering plane (the x-z plane) and the wave vector, in the so-called Damon-Eshbach (DE) configuration. The STXM measurements are carried out at the MAXYMUS end station at the Helmholtz-Zentrum Berlin, using the Fe L 3 absorption edge for x-ray magnetic circular dichroism (XMCD) contrast [29, 30] . To achieve time-resolved imaging, a sophisticated lock-in-like pump probe experiment using a custom FPGA for fast photon sorting and continuous-wave electrical radio-frequency (rf) excitation is used. A more detailed description of the STXM acquisition and analysis scheme can be found elsewhere [31] . The magneto-optic Kerr effect (MOKE) measurements are performed at room temperature, using a photoelastic modulator operating at 50 kHz and lock-in amplification. Moreover, all these techniques are compared with numerical calculations.
To calculate the SW spectra, the Landau-Lifshitz equation is solved:
where t is the time, r is the position, and M is the magnetization. Damping is neglected in the calculations. The effective magnetic field H eff (r, t) is assumed to be the sum of the exchange, external, and dynamic demagnetizing fields. Assuming uniform excitation in the y direction, Eq. (1) is linearized to obtain an eigenvalue problem in the frequency domain and real space, which is solved using a finite-element method (FEM) to obtain solutions in the form of monochromatic SWs with frequency f. For more details concerning the computational method, see Ref. [32] . In the numerical calculation, we adopt a saturation magnetization M S = 0.76 × 10 6 A/m, an exchange constant A = 1.3 × 10 −11 J/m, and a gyromagnetic ratio γ = 1.76 × 10 11 rad/sT for Py.
III. RESULTS
To demonstrate the reprogrammability, scalability, and dynamic properties of Fibonacci MCs, three complementary techniques are used. The first one is VNA-FMR, to record the broadband resonance spectrum at different magnetic field values. The second technique is BLS spectroscopy, which allows mapping of the dispersion relation [33] . Finally, STXM is used to image the magnetization dynamics with spatial (< 20 nm) and temporal (< 50 ps) resolution. In these measurements, propagating and evanescent SWs are detected at frequencies inside of bands and band gaps, respectively. In addition, MOKE is used to measure the longitudinal hysteresis loops. nm), a sharp drop in magnetization within the field range of +1.5 mT to +4.9 mT (+3 mT to +10 mT) is observed. This is followed by a quasistable plateau that spans to an external field of +8 mT (+16.5 mT). Beyond this field, a gradual increase in magnetization is seen up to a saturation field of +12 mT (+23 mT). This second jump is less pronounced, because intermediate states are stabilized by the dipolar interaction between adjacent NWs [34] .
A. The magneto-optic Kerr effect
In general, the coercivity H c depends on the stripe width W because of the shape anisotropy and scales as follows:
where a is a material parameter and H 0 c is the coercivity of the unstructured material [35] . Because of this, a greater difference in the widths, especially for narrower NWs, leads to a wider plateau with AFO in the hysteresis loop, which allows for a wider tuning range of the system [36, 37] .
For the same sample, we also plot (red curve) the differentiated half M -H loop for fields applied from negative to positive saturation. The first peak corresponds to the low-field switching of the larger-width (W W ) wire, while the second peak corresponds to the high-field switching of the smaller wire width (W N ). The clear and distinct differences between the two peaks in the curve imply a region of antiparallel (AFO) alignment in the magnetization of neighboring wires in the array [36] .
Based on these results, in the BLS and STXM measurements, field values of H app = +5 mT or +12.5 mT are chosen for structures with NWs that are 700 and 1400 nm or 350 and 700 nm wide, respectively, to obtain the FO or AFO configuration, depending on the field history.
B. VNA-FMR and numerical calculations
In the absorption spectrum shown in Fig. 3 , a strong signal from a collective excitation is observed. As expected, the resonance frequency can be continuously tuned by a 054003-3 change of the magnetic field magnitude. When sweeping the field from negative to positive saturation, a strong asymmetry between negative and positive fields is observed. This is due to the magnetization reconfiguration upon reversal of the wide stripes [at 2 and 6.5 mT for the (i) 700-and 1400-nm and (ii) 350-and 700-nm structures, respectively] into an AFO configuration and upon reversal of the narrow stripes (at 12 and 19 mT, respectively) back into a FO configuration [36] . These field values are in good agreement with the switching fields obtained from the MOKE measurements. The reconfiguration into an AFO state leads to a frequency shift of about 600 MHz with respect to the FO state at the same field magnitude. This shows that the system's resonance frequencies can be reprogrammed by choosing an appropriate field sequence. Through tuning the dimensions of the NWs, the operational frequency and the degree of reprogrammability can be adjusted on demand.
To understand the observed frequency shift, numerical calculations of the SW band structure are conducted. Figure 4 shows the calculated dependence of frequency f on the integrated density of states (IDOS) for the FO (black line) and AFO (red line) arrangements. Here, IDOS is defined as follows:
where f is the frequency and f i is the eigenfrequency of the ith SW mode. It can be shown (cf. the Appendix) that the IDOS(f ) for a one-dimensional (1D) system is proportional to the wave number k(f ). Therefore, the frequency vs IDOS relation reveals the dispersion relation (frequency vs wave number) in an extended-zone scheme. The distinctive jumps at the frequencies that are surrounded by the regions in which the dependence f (IDOS) becomes flat can be identified as band gaps. Such jumps are clearly visible in Fig. 4 . The band gaps for the FO and AFO states are marked by the violet and pink bars, respectively. Moreover, the calculated frequencies for the lowest IDOS (i.e., for k ≈ 0) for both configurations are in good agreement with the VNA-FMR measurements (i.e., for k = 0) shown in Fig. 3 , indicating that the FMR for AFO is at a lower frequency due to the reduced effective magnetization [2] . These calculation results allow a simple optimization of the relevant parameters to tune the operating frequency of the Fibonacci structure in the AFO and FO configurations.
C. Brillouin light scattering
To go beyond the limitations of VNA-FMR and to observe the band structure of the magnonic quasicrystal, BLS spectroscopy is employed. In these measurements, the arrays with 350-and 700-nm-wide NWs are used. Measurements are performed in a field of 12.5 mT after saturation from positive and negative field values for FO and AFO, respectively. Figure 5(b) shows the measured BLS spectra at k = 0.41 × 10 7 rad/m for FO and AFO. Both spectra exhibit several narrow and well-resolved peaks. In particular, a doublet of peaks is visible in the lowest frequency range of the spectra (below 9.0 GHz). Their frequency difference depends on the magnetization state. At the same time, a doublet of peaks is visible at a higher frequency (14.5 and 15.4 GHz) for the AFO state, while only one peak (15.4 GHz) is observed for the FO. These are perpendicular standing SWs (PSSWs) and the doublet for AFO is caused by a different internal magnetic field of the narrow and wide NWs [38] . Figure 5 (a) presents the measured dependence of the frequency on the wave vector k. In both magnetization configurations, the SW spectra are characterized by a set of discrete peaks, where only the lowest frequency mode exhibits a sizable dispersion. This is a clear indication that the Fibonacci array supports the propagation of longwavelength collective SWs in the FO and the AFO configurations. When k is increased, other modes appear within a limited wave-vector range and are characterized by almost constant frequency values. These results are different from observations in periodic NW arrays of alternating width, where the modes follow Bloch's theorem with continuous 054003-4 dispersion and periodic frequency oscillation [39] . Apart from the previously discussed resonance frequency shift, other differences in the SW spectra between FO and AFO are also observed. The most significant difference is in the position of the second band. Just as in the structures with 700-and 1400-nm-wide NWs when the magnetization configuration changes from FO to AFO, there is a frequency downshift, which is not only wider than the resonance linewidth, but even wider than the width of the whole band, and thus could be used to control the SW transmission. Furthermore, in Fig. 5(a) , the BLS dispersion relation is compared to the computed frequencies of the SW excitations. It is important to note that these plots do not show a direct relation between IDOS and the k vector but merely serve as a comparison of the allowed and forbidden frequency ranges. Very good agreement with the experimental data for the allowed bands and the band gaps in FO and AFO is found, justifying our analysis. Interestingly, apart from the shift to lower frequencies, such properties have already been found in the calculation results shown in Fig. 4 , for a structure composed of NWs that have a doubled width. This shows that the properties of the Fibonacci magnonic quasicrystal are preserved regardless of its scale.
D. X-ray microscopy
Finally, to elucidate the microscopic behavior of the observed modes, the possibility of the control of their propagation hinted at by the BLS results, and their localization within the Fibonacci structures, the STXM measurements are conducted and interpreted in the framework of the numerical calculations. For structures with 700-and 1400-nm-wide NWs, selected images of SWs excited by CPWs in FO and AFO for different excitation frequencies are presented in Fig. 6 . The images are marked with the same letters A-E as in the numerical calculations in Fig. 4 . The images are taken at 5 mT and −5 mT for FO and AFO, respectively. The amplitude and phase are encoded as brightness and color, respectively.
On the right side of each image, the experimental excitation profiles (blue bars) of the out-of-plane magnetization component m z are plotted for an arbitrary time slice t 0 and compared with calculated profiles for propagating SWs (red lines). To match the calculation to experimental results, an exponential SW decay is taken into account. In general, very good agreement between the experimental and calculated excitation profiles is obtained for all modes-with the exception of mode D in AFO. It is noteworthy that additional SWs propagating across the NW in a backward-volume (BV) orientation are generally visible in our measurements [40] . For mode D in AFO, they interfere with SWs propagating across the array in such a way that a comparison with the calculations is difficult. Here, we focus on SWs propagating in DE geometry; thus, the interpretation of these orthogonal modes goes beyond the scope of the paper. For 3.6 GHz (marked as A) in FO, no SW propagation across the structure is observed, while there is an excited mode visible for AFO. Thus, frequency A for AFO lies in an allowed band and corresponds to the bottom part of the spectrum, while for FO this frequency is just below the first allowed band. This explains why no excitation for FO has been detected. first band, which explains the strong SW excitation at these frequencies. A different situation is found at 5.3 GHz (marked as D). A SW mode that propagates across the array with AFO is observed, while there is no SW mode for FO. For AFO, frequency D is close to the second band and therefore propagating SWs are visible; however, for FO it lies in the band gap between the first and the second band. This is why no propagating SWs are observed along the structure. On the other hand, at 5.7 GHz the opposite situation is observed (marked as E). For FO, strong propagating SWs are again detected along the whole array, while for AFO, only weak forced excitation under the signal line is visible. For FO, frequency E is close to the second band, which explains the strong excitation. However, for AFO it lies in the band gap and SW propagation is suppressed. This confirms the possibility of controlling the SW transmission utilizing the second band, hinted at by the BLS results for a structure with narrower NWs.
It is worth noting that the influence of the quasiperiodicity is not clearly visible in the modes shown in Fig. 6 , where we mainly focus on the issue of reprogrammability of the Fibonacci quasicrystal. This kind of irregularity of the modes and localization, characteristic for the quasiperiodic structures, would be expected to be more pronounced for the modes from higher bands, which we do not show here. Nevertheless, the influence of quasiperiodicity on the lower bands can be seen in the band structure as mini band gaps, which originate from a dense spectrum of diffraction peaks in reciprocal space. This is the subject of analysis in another work [26] .
In all of the images of SW modes for FO, there is a gradual variation of the phase along the propagation direction, confirming the propagating character of SWs. This is also the case for AFO, although there are 180
• phase jumps between the wide and narrow stripes resulting from the opposite directions of the magnetization precession in these stripes. This indicates an opposing orientation of the out-of-plane magnetization oscillations in wide and narrow NWs [2] . However, it does not disrupt the propagation of SWs. Those results show that the static magnetization configuration [41] and the dynamic coupling (investigated in this paper) are determined by different magnetization components: along the NW axis and perpendicular to that direction, respectively. This provides a hint for the design of artificial spin systems with various stable magnetization configurations that allow SW propagation.
IV. SUMMARY
In summary, we investigate, experimentally and numerically, SW dynamics in 1D magnonic quasicrystals composed of Py NWs of two different widths, arranged in a Fibonacci sequence, to demonstrate the power of these systems to precisely tune the SW spectra. The combination of VNA-FMR, BLS spectroscopy, and STXM imaging allows us to confirm experimentally the SW dispersion relation in magnonic quasicrystals and to develop a precise understanding of the individual modes.
We find that the change from a FO to an AFO magnetization configuration of the NWs induces strong variations in the SW dynamics. Both the frequency of the collective modes and the positions of the magnonic bands are shifted between the two configurations. These can easily be tuned by an appropriate choice of the NW widths, even beyond the 350-1400-nm range demonstrated here.
The propagation of SWs across all wires in AFO indicates an additional magnetic coupling mechanism in these artificial spin structures. Apart from the magnetostatic interaction, we find a dynamic coupling of SWs that leads to the opposing sign of the magnetization oscillation in narrow and wide stripes and does not hinder the propagation of SWs. This coupling is a tool for the design of artificial spin structures and possible frustrated systems based on bistable NWs, in the 2D plane too.
The observed properties of the Fibonacci structures hint at their applicability toward magnonic devices for data processing and wave-based computing. Beyond offering more precise control of SW spectra than magnonic crystals, they are conveniently reprogrammable. Their use for a fieldreprogrammable SW filter, where the SW transmission of a given SW frequency could be controlled by changing between the FO and AFO magnetization configurations, can easily be envisaged. Another use of such a reconfiguration would be a phase shifter. In that case, the dynamic coupling of adjacent stripes would lead to a 180
• shift in phase for the magnetization reconfiguration. F.L. and J.R. contributed equally to this work.
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APPENDIX: THE RELATION BETWEEN IDOS AND WAVE NUMBER K IN 1D SYSTEMS
In a 1D system of size L, the number of states per unit interval in the reciprocal space of the wave number is equal to the following:
When the system is large (L 2π/k), the number of states in an infinitesimally small interval of reciprocal space, n(k)dk, can be expressed by the density of states (DOS), DOS(f ) := (d/df )n(f ), in the following form:
Equation (A2) allows us to relate the DOS to the derivative dk/df :
The integrated density of states IDOS(f ) is a number of states of the frequencies below the frequency f :
For the (quasi)periodic system, the dispersion relation k ↔ f in Eq. (A4) must be taken as an injective function, i.e., it has to be considered in the extended-zone scheme 054003-7 without folding by reciprocal lattice vectors:
The formula in Eq. (A4) relates the IDOS to the wave vector k. The IDOS(f ) is a nondecreasing function of the frequency. In the (quasi)periodic system at the frequency gaps, DOS(f )=0. In the frequency gaps, the IDOS is constant, whereas at the gap edges its slope (d/df ) (IDOS (f )) = DOS(f ) diverges. This divergence is related to the presence of Van Hove singularities for the 1D system. For real systems, we have to include their finite sizes. The DOS(f ) is then a sequence of Dirac deltas and the IDOS(f ) steplike function. The wide steps of IDOS(f ) surrounded by the sequences of steps with rapidly decreasing widths are the signatures of the frequency gap in the 1D system.
